Abstract: Pulmonary hypertension (PH) has been found to have significant morbidity and mortality. The treatment of PH has advanced considerably with increasingly more effective and safer options. With an increasing effort to diagnose patients early, non-invasive techniques are often used to screen those patients likely to have PH. Computerized tomography (CT) chest scans are increasingly utilized in the evaluation of patients with exertional dyspnea, including those with suspected PH. The main role of the CT scan is to evaluate for any associated underlying diseases. There have been attempts to address the utility of CT to predict the presence of PH. This article reviews previously published investigations to summarize the relationship between pulmonary artery dimensions and PH to determine both the strength of the correlation and its discriminatory ability for use in clinical practice.
Introduction
Although there have been significant advances in the treatment of pulmonary hypertension (PH), there remains significant morbidity and mortality [1] [2] [3] . With increasingly more effective and safer pharmacological therapy for pulmonary arterial hypertension (PAH), outcomes may be improved by earlier detection of PH [3] . Screening algorithms have been proposed to facilitate the timely and accurate diagnosis of PH, utilizing a combination of echocardiographic, physiologic (lung function), and radiologic non-invasive techniques [4, 5] , before proceeding to a definitive right heart catheterization (RHC) for confirmation.
Computed tomography (CT) chest scans have largely supplanted chest x-rays in patients with PH, partly due to its ability to detect thromboembolism in some cases, but also to identify any diffuse parenchymal lung diseases that may not be evident in 15% of chest x-rays [6, 7] . With advances in CT technology and its wide availability, there have been attempts to address the utility of CT to predict the presence of PH.
The pulmonary artery (PA) is a more compliant vessel than the systemic arterial system, and is thus more sensitive to changes in pressure and volume. As a result, an increase in mean pulmonary arterial pressure (MPAP) should correlate with pulmonary artery diameter. A variety of PA dimensions have been explored to see if there is any association with both the presence and severity of PH, including the PA diameter, the cross-sectional area, the ratio of the diameter to the bronchus, the ratio of the diameter to the pulmonary vein, the ratio of diameter to the aortic diameter, and multiple regression methods assessing dimension of the main and branching pulmonary arteries . Based on such observations, we have found radiologists formally reporting on the PA size and suggesting the presence or absence of PH, which often has led to changes in clinical behavior without a clear justification otherwise.
In this review, we have compiled, for the first time, all published investigations exploring the relationship between PA dimensions and PH to determine both the strength of the correlation and whether it has adequate discriminatory ability for use in clinical practice. Extrapolating from our own series, we hypothesized that, although the PA size should correlate with PA pressures, its discriminatory ability is poor and over utilized clinically.
Methods
An OVID Medline literature search was used to identify all English and human studies relating PA size as measured on a CT of the chest in patients with PH confirmed by RHC (or in some series as suggested on echocardiography) between 1991 and 2014. PA dimensions are expressed in millimeters (mm) with their standard deviation (±SD). In the brief report of our series, consecutive patients referred to the PH clinic were identified between 2006 and 2010. CT measures were blinded to clinical history and were done by three separate reviewers.
Pathophysiology
The pulmonary circulation is a high flow, low pressure system. It has a lower resistance and is more compliant than the systemic circulation, owing to the abundance of vasculature in parallel and a lower transpulmonary pressure gradient. The factors that determine the size of a vessel depend on several physiologic variables and any underlying pathology. Fundamentally, it is the volume of blood within the PA that relates to the size of the PA as measured on the CT, with the indirect factors of pressure and vessel compliance contributing. From this, it is easy to understand how PA size will correlate with PA pressures, but with an often incorrect assumption of constant compliance and blood volume. Practically, we can measure the MPAP, cardiac output, PA occlusion pressure (as a surrogate for left ventricular end-diastolic pressure) from RHC and derive secondarily, the pulmonary vascular resistance [19, 20] . Additionally, there are variations due to anthropomorphic factors that can be considered such as age, gender, height, and body surface area (BSA) [20, 33] . Pathologic factors within the vessel itself may include atherosclerosis, endothelial proliferation, and occlusion from thrombi [20] . In idiopathic PAH (i.e., diagnostic group 1.1 pulmonary arterial hypertension), the peripheral pulmonary vessels are characterized by the degeneration of the elastic lamina with replacement by fibrous tissue, along with intimal proliferation and hypertrophy of the muscular layer in the media of the arteries [34] [35] [36] . This downstream occlusion with subsequent increase in resistance is what should lead to proximal increase in the main PA pressure and size. The conditions that cause mechanical changes to the mediastinal vasculature by compression, traction, or shifting, as well as pathologic changes in the heart or lungs, such as from congenital heart disease, prior surgeries, or radiation, can cause additional anatomic distortion. Despite limited investigations that address this [20, [37] [38] [39] , we suspect that technical issues in the imaging of the PA (e.g., body position, different acquisition protocols and reconstruction algorithms, depth of inspiration, the use of contrast, and reduced intraand inter-rater reliability) may also affect the accurate measure of the PA size and further confound the relationship between the PA size and PA pressures. Although logical deduction would indicate that the PA size should correlate nicely with PH and PH severity, there are a multitude of factors that may potentially make the measurement unreliable or inaccurate. Lastly, the reader should appreciate that "PH" is simply a hemodynamic condition defined by a MPAP ≥ 25 mmHg at rest as documented by RHC; therefore, is more a pathophysiologic state than a specific disease or diagnosis.
What Is the Normal Reference Value?
Many studies have tried to determine the normal range of the main PA size. Typically, the transverse axial diameter of the main PA at the level of its bifurcation is measured. This landmark is easy to define anatomically and is highly reproducible [20] , and at this same level, the ascending aorta can also be measured to calculate the ratio of main PA to the aortic diameter (PA/Ao) (Figure 1 ), as a means of "normalizing" for differences in anthropomorphic factors.
Several published studies provide normative data. Edwards et al. reported that the mean PA size, as measured on a non-contrast CT, was 27.2 mm (SD 0.6) in 100 study participants with no history of cardiopulmonary disease; however, no RHC was performed [15] . Karazincir et al. reported a mean diameter of the main PA of 26.6 mm (SD 2.9) in a cohort of 112 patients who had no evidence of pulmonary disease and documented normal PA pressures by echocardiogram (MPAP ≤ 25 mmHg) [40] . The Karazincir study was performed as clinically indicated rather than by research protocol; therefore, the mean PA diameter may be falsely elevated. Kuriyama Measurements of main pulmonary artery and ascending aorta at the level of bifurcation. The main pulmonary artery (PA) size is typically taken at the level of the bifurcation of the main pulmonary artery perpendicular to the vessel wall. The aortic dimension of the ascending aorta is taken at the same level to calculate the PA to the aortic diameter (PA/Ao) ratio. The diameter is determined using the internal diameter in the contrast-enhanced image.
There are also reported gender differences, with men having a slightly higher average PA size of 27.0 mm (SD 2.8) versus 25.9 mm (SD 3.0) in women (P = 0.048). However, it appears the gender differences could largely be accounted for by differences in the BSA between men and women [20, 42] for the main PA size, with the exception of the right PA. Similarly, gender differences in the size of the aorta could also be explained by adjusting for the BSA, but notably not the ascending aorta [42] .
The largest population cohort in which PA dimensions were assessed by CT comes from the Framingham Heart Study of 3171 participants (mean age 51 years, 51% men), of whom 706 were identified as asymptomatic without any cardiopulmonary risk factors. The main PA size in this reference subset was 24.7 mm (SD 2.7) and the PA/Ao was 0.80 (SD 0.09) [33] . Interestingly, there was a weak inverse correlation between age and the main PA size in men (r = −0.11, p = 0.04), although for the entire cohort, the correlation was direct (r = 0.10, p < 0.0001). Height also weakly correlated with the main PA size (men: r = 0.18, P < 0.0001; women r = 0.24, p < 0.0001), but was stronger again for the BSA (men: r = 0.41, p < 0.0001; women: r = 0.42; p < 0.0001). Using the subset of asymptomatic study participants without cardiopulmonary risk factors, they established a 90th percentile gender-specific cutoff value for main PA of 29 mm for men and 27 mm for women [33] .
Correlation between PA Size and PH
Numerous studies have investigated the correlation between CT measurements of the PA and the presence and severity of PH (Tables 1 and 2 ). Overall, the measurement of the main PA size by using CT shows a moderate to strong correlation with PH (r ~ 0.4-0.7). However, Moore et al. reported no correlation between main PA and MPAP in 24 patients with history of primary PH and chronic thromboembolic pulmonary hypertension (CTEPH) [19] . The study observed that increasing main PA diameter was associated with decreased cardiac output (r = −0.75, p < 0.001) and increased pulmonary vascular resistance (r = 0.61, p < 0.0005) in the patients with pulmonary vascular disease, explained by the obliteration of peripheral arteries [19] .
The presence of significant parenchymal lung disease, which can distort the great vessel anatomy, also appears to affect the correlation between PH and PA size. Tan et al. [23] evaluated 36 patients with confirmed PH by RHC (defined by MPAP of at least 20 mmHg), but found no correlation between the main PA size and the MPAP. The lack of correlation was attributed to the presence of parenchymal lung disease and architectural distortion, which was present in the majority (24/36). Similarly, Zisman et al. and Devaraj et al. [24, 27] also reported no significant correlation between the main PA size and MPAP in patients with fibrotic lung disease. In contrast, Alhamad et al. did find a moderate correlation between main PA size and MPAP in a larger series of patients with interstitial lung disease (ILD) [12] (Table 2) .
In systemic sclerosis and other connective tissues diseases, PH can be another manifestation apart from an ILD. A weak correlation between the main PA diameter and MPAP in connective tissue disease can be found [30] , but appears to be mostly unaffected by the presence of ILD. For example, when Condliffe et al. evaluated patients with limited systemic sclerosis, a weak correlation was found (r = 0.345, p = 0.002) between the main PA diameter and the MPAP, regardless of the extent of ILD [43] . In another cohort of 48 patients with scleroderma and ILD, the presence of mild to moderate fibrotic lung disease did not influence the correlation between the PA diameter and MPAP [32] . Notably, the correlation was reduced after adjusting for the BSA or the aortic diameter, and there was no correlation in the subset with more advanced restriction (FVC less than 70%) [32] .
Similarly, in a retrospective study of 65 patients with advance idiopathic pulmonary fibrosis, there was no significant correlation between the main PA diameter and MPAP [24] , similar to observations by others [25] . These studies suggest that perhaps, in the context of fibrotic lung disease, the PA dimension is even less of a reliable parameter as an indicator for PH. The mechanism for this is unclear, though a traction effect on the pulmonary vessels has been suggested [24] .
Diagnostic Utility of PA Size
So given that there is evidence of some correlation between the PA size and PH severity, investigators have reported on whether specific thresholds could be used to facilitate the diagnosis or exclusion of PH, and in particular, whether it might help with regards to the need for a confirmatory RHC. Depending on the study population, the cut-off selected for the PA diameter (25-33.3 mm), and the gold standard used, the reported sensitivity can range between 47%-100% and the specificity between 41%-100% [10, 12, 13, [16] [17] [18] [20] [21] [22] 28] . As anticipated, there is considerable overlap in the cut-off value and some overlap with what has been reported in the population without PH (Table 1) . Although using the PA/Ao ratio has the potential to improve the diagnostic accuracy, its discriminatory ability appears also highly variable with a sensitivity of 59%-73% and specificity of 76%-93% [18, 20, 21, 28, 29] . In these studies of PH patients compared to controls, identifying PH based on the PA size, or the correlation between the two, may be artificially affected by the separation in severity of PA pressures between the groups being selected. Additionally, PH in different clinical contexts may affect the discriminatory ability of the PA measures. For example, the diagnostic accuracy is reduced when looking at patients with ILD (AUC = 0.65), with a specificity of 41% and sensitivity of 86% for a PA diameter cut-off of 25 mm [12] .
There are a limited number of investigations on how much the measure of the PA size, when used in conjunction with other clinical tools such as the echocardiogram, will add to the diagnosis or exclusion of PH [14] . However, one interesting study used a regression model to adjust for other variables on CT in combination with other anthropomorphic variables. In this heterogeneous cohort of 101 hospitalized patients with cardiopulmonary diseases who had a RHC and chest CT performed a mean of three days apart, the main PA and the PA/Ao ratio were poorly predictive of PH. However, the accuracy of the model when adjusted for age, gender, BSA, thoracic diameter, ascending aortic diameter, and pulmonary wedge pressure, improved with an AUC of 0.93 (sensitivity 77%, specificity 89%) [9] confirming that multiple factors are at play in the relationship between the PA size and PH.
Our own internal investigations to see if CT measurements of the PA size might help in the diagnostic algorithm for patients with suspected PH was similar to what others have thus far reported. We retrospectively reviewed 109 patients with suspected PH who underwent both a chest CT and RHC within 180 days apart. The diagnostic categories were; Group 1 43%, followed by Group 3 22%, Group 2 18%, Group 4 9%, and Group 5 5%. The main PA diameter normalized to the aortic diameter (PA/Ao) did significantly correlate with the MPAP as measured on a RHC, but weakly (r = 0.28, p = 0.0032). Furthermore, its discriminatory ability for PH was poor with an AUC of 0.61 [44] , making its clinical utility in our population unlikely.
Clinical Utility
It is possible that despite its overall variable diagnostic utility for PH, that the measurements of the PA may have other important clinical implications. However, such relationships appear to be specific to the disease being considered. For example, in a cohort of 3464 patients with Global Initiative for Chronic Obstructive Lung Disease (GOLD) stage II to IV chronic obstructive pulmonary disease (COPD), PA/Ao ratio greater than 1 was associated with subsequent or any COPD exacerbation, but after adjustment for age, presence of gastroesophageal reflux disease, FEV1, the St. George's Respiratory Questionnaire, and prior exacerbations (odds ratio 3.44; 95% CI 2.78-4.25, p < 0.001) [45] . Although the PA enlargement in this setting could be due to several pathologic mechanisms (e.g., volume fluctuations, hypoxic stress), its ability to predict future exacerbations indicates the potential for PA measures to be clinically useful independent of its ability to diagnose or correlate with any PH.
The association with exacerbations might also hold true for patients with ILD. Matsushita et al. observed that patients who had an acute exacerbation of their ILD had a greater increase in their PA diameter (by 3.15 mm, SD 0.54 vs. 2.89 mm, SD 0.6, p < 0.0001) from a baseline CT, and had a higher PA/Ao ratio (0.94, SD 0.19 vs. 0.85, SD 0.18, p < 0.0001) [46] . Alterations in hemodynamics and hypoxic vasoconstriction affecting the PA size may be more secondary rather than causal, and whether this might have a clinical role is yet to be determined [46] .
In contrast, Boerrigter et al. [47] observed that progressive PA dilatation by MRI during follow-up (942 days, range 242-2,359 days) did not reflect hemodynamic changes in MPAP or cardiac output by RHC in 51 patients with Group 1 PAH. The authors suggested that structural changes in elastin and collagen under the influence of an increased pressure might become a cause of PA dilatation independent of hemodynamics. The results suggest that serial PA dimensions are not useful in clinical practice to evaluate the course of the disease, therapeutic response, or change in MPAP.
Finally, in 264 patients with inoperable CTEPH, the PA size was associated with unexpected death [48] , even though the causes of death were heterogeneous [45] . Overall, these studies suggest that perhaps the PA dimensions might have other clinical relevance aside from its ability to predict PH, particularly in acute settings. Further study in its role in acute cardiopulmonary decompensations might be of further interest.
Summary
In summary, although CT measurements of PA dimensions have shown a correlation with the presence of PH and PH severity, the strength of the correlation is highly variable and inadequate for its routine application in clinical practice. Significant variability exists within populations, particularly in the heterogeneous set of diseases that can cause PH. Additional heterogeneity comes from the complex set of physiologic and anatomic factors that disconnect the PA size from PA pressures. Future studies could focus on specific disease subsets and changes in the PA size as a marker of prognosis, disease activity, and treatment response, rather than as an isolated measure. CT measures of PA size are simple and can suggest a possible reason for dyspnea but it should be interpreted cautiously and not be used solely in either screening or guiding management in the patients with suspected PH.
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